Fungal Morphogenesis: Some Like It Hot
The ability to reversibly convert between budding yeast-like and filamentous hyphal forms is important for the virulence of Candida albicans. A new study now provides insight into the relationship between environmental temperature and the signalling mechanisms that regulate morphogenesis in this fungal pathogen.
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Many human fungal pathogens undergo morphological transitions when they invade the human host. Candida albicans, the agent of thrush infections of the mucous membranes and, in severely immunocompromised individuals, life-threatening invasive candidosis, is typical of many fungi in its ability to exhibit morphological dimorphism. In most nutrient-rich media and at temperatures of around 25 C, C. albicans exists as a budding yeast. During human infections and in media containing blood serum at 37 C, tubular, branching hyphal cells develop, the morphology of which may facilitate deep penetration of epithelia, endothelia and human tissues [1] . Although it has been known for many years that temperature plays a pivotal role in fungal dimorphism [2] , it has not been understood how temperature orchestrates morphogenesis at the physiological level. A paper by Cowen and colleagues [3] , published in this issue of Current Biology, uncovers this relationship for the first time.
The focus of many hundreds of research articles in the last ten years has revealed the complex and multiple signalling pathways and regulatory elements that collectively 'hard-wire' the yeast-to-hypha transition in C. albicans to environmental responses [4] [5] [6] [7] . These pathways lead to alterations in cell polarity, cytoskeletal organisation and cell cycle, as well as to alterations in expression of many virulence factors, such as cell-surface adhesins, secreted proteases and immunoregulatory molecules [5, 6] . Pre-eminent in the signalling pathways that orchestrate hyphal induction is the Ras-protein kinase A (PKA) pathway that couples changes in cytoplasmic cyclic AMP (cAMP) concentration to the activation of the Efg1 transcription factor, which was initially shown to enhance filamentous growth in Saccharomyces cerevisiae and which also acts as the main activator of filamentation in C. albicans, including filamentation that occurs in response to serum [4] .
Earlier work from Cowen, Lindquist and colleagues revealed how the molecular chaperone and heat-shock protein Hsp90 can influence a wide spectrum of important physiological functions of fungi by modulating the folding of client proteins and hence the proportions of these proteins that are in an active, native conformation or alternatively an inactive, inappropriately folded or aggregated form ( [8] , and reviewed in [9] ). The ability of Hsp90 to alter the functionality of a wide range of client proteins means that it has a powerful role in shaping the short-term evolution and environmental responses of fungi. Previously, this has been explored in the context of the emergence of drug resistance to azole antifungals [8, 9] . In the current study [3] , the authors have now shown that dimorphic regulation is also negatively regulated by Hsp90 and, at higher temperatures, this repression is relieved, allowing filamentation to occur, therefore providing the long-awaited physiological link between fungal morphogenesis and temperature.
Evidence in support of this link was provided by experiments in which hypha formation was induced with the specific Hsp90 inhibitors geldamycin or radicicol or in strains in which the expression of HSP90 was inhibited via repressible promoters. Next the authors showed that hypha induction could occur at the lower temperature of 30 C if the availability of Hsp90 in the cell was partially compromised and the repressing capacity of Hsp90 was thus reduced. They then went on to show that Hsp90-mediated repression is mediated by regulation of the Ras1-PKA signalling pathway. Elegant experiments indicated that some mutants of positive regulators of this pathway have the same block in filamentation as that seen with Hsp90 inhibition. In contrast, mutants of negative regulators of the pathway still responded to Hsp90 inhibitors by inducing filamentation. Hsp90 was therefore deduced to normally interact with positive regulators of the pathway, including Ras1, its guanine exchange factor Cdc25 and the Cdc35 adenylyl cyclase, which generates cAMP and the two subunits of PKA. Binding of Hsp90 probably maintains these proteins in an inactive conformation until an increase in temperature diverts Hsp90 resources to other partially denatured proteins and relieves the block to filamentation. Quorum-sensing molecules farnesol and dodecanol inhibit serum-induced filamentation in C. albicans downstream of Cdc35 in the signal transduction pathway [10] . However, these molecules were not able to block Hsp90-induced filamentation, suggesting that Hsp90 regulation must occur downstream of the generation of cAMP. In addition, the efg1 transcription factor mutant still underwent filamentation in response to Hsp90 inhibition, showing that repression of filamentation also occurs through other downstream targets of PKA.
Previous studies on C. albicans temperature-mediated morphogenesis are illuminated in the light of these observations. Soll and colleagues [11] showed that, in defined media, simultaneous increases in medium pH (from 4.5 to 6.5 or above) and temperature (from 25 C to 37 C) were required to induce efficient yeast-to-hypha transitions. Induction of hypha formation was much less efficient following a change in medium pH alone and the kinetics of germ-tube formation were shown to be temperature dependent. Conditions where hyphae have been generated following culture in media at 25 C have also been reported, but the kinetics of conversion were much slower [12] . These observations all seem to be accommodated by the hypothesis that temperature controls morphogenesis by influencing the available cytoplasmic pool of Hsp90 for repression of the PKA pathway that induces hypha formation.
As with all new insights, more questions are immediately suggested.
How is hyphal growth maintained at 37 C when, presumably, Hsp90 levels recover after heat shock? What other components of the network of signal transduction pathways are also influenced by Hsp90? The authors show that strains of C. albicans that have depleted Hsp90 levels are attenuated in virulence. How is this best explained in the knowledge that about 10% of the proteome may be affected by Hsp90 and therefore many virulence-related functions may be affected simultaneously?
Finally, it is interesting to note that temperature-mediated regulation of C. albicans is atypical of other human fungal pathogens in so far as it is the hyphal and pseudohyphal filamentous forms that are promoted at 37 C. In Histoplasma capsulatum, Paracoccidioides brasiliensis, Cryptococcus neoformans, Penicillium marneffei and many other dimorphic fungi, it is the yeast form that is found in human tissues while mycelia exist outside the human body [1] . Might it be that in these cases Hsp90 or other molecular chaperones maintain positive regulators of yeast development in an inactive state until the temperature is elevated? Alternatively, Hsp90 could act by repressing negative regulators of hyphal development in these other organisms. The paper published here provides a conceptual framework for framing testable hypotheses that may eventually explain why temperature is a major determinant of fungal morphology in most pathogenic fungi. Establishing an infection within a host requires efficient invasion and division. In the intracellular parasite Toxoplasma gondii, these functions are mediated by dynamin-related proteins with a unique evolutionary history.
Wesley A.J. Webster and Geoffrey I. McFadden* To be a successful intracellular parasite, you have to get your own insides right before you get inside anyone else's. The phylum Apicomplexa, which includes Toxoplasma gondii and Plasmodium falciparum, the causative agents of toxoplasmosis and malaria, respectively, are intracellular parasites that have mastered the arts of invasion and division. Indeed, the name for the phylum denotes their specialised complex of invasion machinery at their apical end. In a recent issue of Current Biology, Breinich et al. [1] demonstrate a role for a dynamin-related protein (Drp) in pinching off parts of the Toxoplasma parasite's endomembrane system to form membranous sacs that are a vital part of the apical complex and essential for invasion. A companion article in the same issue by van Dooren et al. [2] reports that another Drp has been put to work to divide a relict plastid, the apicoplast, an organelle related to plant chloroplasts. Apicoplasts have generated much excitement as
